Abstract-A test method that measures the current-voltage I-V curve of a photovoltaic (PV) cell or module in real time is presented as a means of characterizing and understanding the inherently variable nature of performance under field conditions. Temperature, incident light intensity, orientation to the light source, incident spectrum, the uniformity of illumination, as well as a diverse set of failure mechanisms, both catastrophic and otherwise, have characteristic effects on the I-V curve. Seeing the I-V curve change dynamically with these influences allows visual correlation to real-time events. With a live I-V curve generated by performing forward and reversed bias sweeps repeatedly, the effect of parasitic inductance and bias sweep rate on the measurement can be demonstrated directly. This technique also ensures that the device junction is held in quasi-thermal equilibrium during the measurement. The relative alignment of optics in a concentrating photovoltaic module is analyzed to demonstrate the value of the live I-V curve.
I. INTRODUCTION
T HE photovoltaic (PV) energy industry is under pressure to provide very inexpensive devices with guaranteed performance over a service life of 20 years or more [1] - [4] . Successful commercial technology innovation and development programs depend on effective understanding and control of all issues contributing to performance, manufacturability, long-term reliability, and lifecycle cost [5] - [10] . Effective electrical characterization of PV cells and modules is critical in order to shorten the associated development cycle [11] .
The characteristic current-voltage (I-V) curve of a solar cell or module is useful in this regard because it is sensitive to many module design issues, such as spectral response, interconnection problems, optical alignment effects, thermal management issues, bypass diode faults, and parasitic impedances [12] , [13] . [17] , [19] Short Seconds Shutter testing [20] Intermediate Seconds-hours Cloud edges, tracker misalignments, associated cell temp. changes [21] Long Hours-days Insolation variation, ambient temperature variation
Very long Days-years Soiling [22] - [24] , UV damage [25] Typically, a unidirectional single-scan I-V curve measurement is made by driving the module through a voltage range once, while monitoring current output. The initial and final states, as well as the evolution of the device under test (DUT) and its environment during the test, are not necessarily controlled or captured [14] , [15] . However, the I-V curve is influenced by continually changing temperature, insolation, orientation to the light source, incident spectrum, and uniformity of illumination, as well as a variety of faults. The time scale of phenomena affecting I-V curves can range from very short to very long (see Table I ), while conventional I-V acquisition times depend on the particular test station design. Any phenomena varying more rapidly than this acquisition time will not be captured with fidelity. Single events affecting I-V response will not be captured with a single-scan test system. In field test situations, longer cable bundles are usually necessary between test station and modules, which cause parasitic resistance and inductance effects and require special treatment. In addition, the idle state between each single scan may not be reproducibly controlled, or apparent to the operator. For example, if the idle state is located at I sc , V oc , or P max , the device will equilibrate at corresponding temperatures, which will affect the subsequent I-V curves [16] . This complexity suggests that a dynamic display of the real-time I-V curve would be valuable when attempting to distinguish among multiple phenomena that change the I-V curve at different rates, especially in field operation, since real-time events can be continuously correlated with real-time I-V evolution. We propose a test method for continuous rapid display of the I-V curve that permits the operator to investigate fast or transient response phenomena and to correlate these with real-time events. Fig. 1 . Schematic of the real time I-V test station. The voltage in the bias circuit is measured relative to ground at four points using an oscilloscope in order to achieve two differential measurements and correct for parasitic cable impedances.
II. EXPERIMENTAL SYSTEM
The test station is intended for both bench and field use to continuously display in real time the characteristic I-V curve of the DUT. We use a 200-W four-quadrant dc operational power supply/amplifier (model Kepco 20-10M) with a fast sweep rate (2 V/μs, 0.4 A/μs) to bias the DUT. An external function generator provides a 20 V p−p triangular wave output that feeds the programming input of the Kepco power supply and drives its output voltage through its maximum range of 40 V p−p . A high-speed four-channel digitizing oscilloscope (Agilent Technologies DSO6014A) is employed for the fourpoint measurements. The DUT is a concentrating PV (CPV) module consisting of six series-connected solar cell receivers each with a bypass diode. It is mounted on a pedestal sun tracker and is connected to the test station by 10-m-long AWG12 cables. Fig. 1 presents a schematic of the I-V test station showing the DUT voltage bias control and five points at which the circuit potential may be monitored. The current through the DUT is determined by a differential voltage measurement from points 4 to 5 across a 0.2-Ω sense resistor R sense . A differential voltage measurement from points 1 to 2 yields the voltage across the DUT. However, if the DUT is packaged in a sealed module then the actual potential difference measured incorporates both the DUT and a short length of cable associated with resistance and inductance as if the differential measurement was made from points 1 to 3.
The four time-dependent voltages V x measured relative to ground with the oscilloscope are shown in Fig. 2(a) . Note that the dashed blue and purple curves have been scaled to more clearly show V 1 and V 5 on the same axis as V 3 and V 4 . Note also that the polarities of V 3 , V 4 , and V 5 have been inverted to comply with convention so that the positive power portion of the resulting I-V curve is in the first quadrant, as shown in Fig. 2(b) , where the module voltage is given by V 1 -V 3 , and the module current by |V 4 -V 5 |/R sense . The advantage of our approach arises from continuously sweeping the bias across forward and reverse directions. This allows for correlation between the bias sweep rate and any hysteresis in the live measurement. This is important in the field, where long cables are typically required to connect the test station to the PV module and particularly when sense wires for a four-point measurement cannot be placed very close to the DUT because it is sealed inside a module. As discussed below, if the sweep rate is sufficiently high, the DUT is also conveniently held in quasi-thermal equilibrium.
During this discussion, we present data from an alignment study to show the value of visually correlating the real-time adjustment of a particular parameter with its effect on the I-V curve. In that investigation, adjustment of module orientation was correlated with the appearance of "steps" in the module I-V curve. The added value is not in the instantaneous single scan of the stepped I-V curve [see Fig. 2 (b)] but rather in the ability to watch how the steps move relative to each other as the module alignment is varied.
Figs. 2(b) and 3 show the reconstructed module I-V curve. The steps evident in this particular I-V curve are due to mechanical misalignments between the individual optical channels in the module. They are evident because the I-V curve was measured during an alignment study for which the module optical axis was adjusted relative to the direct beam, to probe performance at the edge of its acceptance angle. It is challenging to convey in a static figure the intuitive understanding a live I-V curve provides as the module alignment is modified. However, as discussed further in Section III, one can visualize the steps in Fig. 2 (b) appearing one at a time out of the dark I-V curve as the module comes on-sun, smoothly rising and falling as module alignment is adjusted. Observing the relative movement of steps allows immediate differentiation between different alignment loss phenomena. The resulting insight can be used to improve manufacturing tolerance and performance and to reduce cost.
A. Parasitic Impedance
The effect of the impedance in the connecting wires is mitigated if voltage measurements can be made by connecting directly to the relevant terminals of the DUT and the sense resistor. For field measurements, however, this is often not physically possible, as there are usually built-in module wires whose associated inductances will be in series with the DUT, as exemplified between points 2 and 3 in Fig. 1 . Built-in impedances also, in principle, include internal cell capacitance such as that described in [26] - [28] , but this is not included in the figure since capacitive effects are negligible in the measurements presented. We distinguish such built-in impedance from the cable impedances shown within the dashed box of Fig. 1 because the effects of the latter can be corrected, while the former cannot.
The I-V curves in Fig. 3 show how two differential measurements are used to correct for the voltage drops and phase shifts in the circuit that result from parasitic cable resistances and inductances in the long cables (i.e., the impedances within the dashed box of Fig. 1 ). The uncorrected curve is what one would measure if the long cables reaching up to the module on the tracker were considered part of the DUT as in a two point measurement, plotting |V 4 |/R sense versus V 1 −V 4 . I mod corrected and V mod corrected show the effects of taking differential measurements around only the sense resistor and only the CPV module, respectively; the thick blue curve includes both of these corrections.
Even though it is not possible to correct the effects of impedances that are inside the differential measurements, the fact that the I-V curve is swept continuously in both directions means that the effects of these impedances (capacitive or inductive) are immediately apparent in our real-time measurement. Even small inductances of relatively short module wires can cause hysteresis in the I-V curve between forward and reverse sweeps when the test station is connected to point 3. This hysteresis occurs at higher bias sweep rates, where the circuit current lags the voltage. This distortion would not be immediately obvious using the single unidirectional scan I-V technique, but it is explicitly revealed in the bidirectional continuous display approach, and it can be mitigated by simply reducing the sweep rate, thus ensuring an accurate I-V measurement. Note also that a real-time measurement provides a lower bound to the sweep rate because the I-V curve must appear live to the eye. Fig. 4 shows the impact of parasitic impedance on the I-V measurements of a single unpackaged triple-junction solar cell on a receiver. The I-V curves for bias sweep rates from 690 to 6900 V/s were measured under controlled laboratory conditions using a Spectrolab XT-30 high-concentration solar simulator with continuous illumination. Fig. 4(a) shows the measurement results when the sense wires are connected to point 3, as an AWG12 cable provides a small series impedance between points 2 and 3. Fig. 4(c) shows the results for a direct connection of the sense wires to point 2, which is possible in this case because the cell is not protected within a module. The hysteresis seen in the former, primarily due to cable inductance, exists for sweep frequencies greater than 690 V/s. By contrast, no hysteresis is seen in the latter case, as the direct connection has minimal inductance. Capacitive reactance would be observed as voltage lagging current, but we observe the opposite, since inductive reactance dominates as shown in Fig. 4(a) .
SPICE simulations of the circuit in Fig. 1 were compared with the measurement results to see if the impedances could be reconstructed. The simulated AWG12 results are shown in Fig. 4(b) for comparison with the measurements of Fig. 4(a) . The R = 20 mΩ resistance value found is in general agreement with the sum of typical contact (∼5 mΩ per contact) and line resistances (5.2 mΩ/m). The L = 2 μH inductance value found is in reasonable agreement with the expected 2.7-μH wire inductance calculated using [29] :
where L is in μH, l = 200 cm is the wire length, d = 0.2053 cm is its diameter, and μ = 1 is the wire's relative magnetic permeability. Likewise, simulations of a direct connection, as shown in Fig. 4 (d) using L = R = 0, are in agreement with the measured results shown in Fig. 4(c) .
B. Effective Junction Temperature
In the single-scan test method, the temperature of the cellcarrier assembly assumes the value dictated by the idle condition of the test station. By contrast, in our dynamic approach, the test station is continuously changing the bias point; therefore, the temperature of the DUT is dictated by the evolution of the power extracted from the cell during repeated sweeps. At low sweep rates (<500 V/s), small inductances between points 2 and 3 have no significant impact on the cell's I-V characteristic, as demonstrated in Fig. 5 . However, hysteresis is visible at a bias sweep rate of 0.69 V/s since the cell-carrier assembly's thermal time constant is similar to the sweep rate. At lower sweep rates (<1 V/s in this case, a rate which is dependent on thermal coupling to the heat sink beneath the cell), the temperature of the cell begins to follow bias point changes, with individual I-V points recorded at different cell junction temperatures. At higher sweep rates, the junction temperature does not have sufficient time to change before the bias point has scanned through the entire I-V curve; thus, quasi-thermal equilibrium is reached.
The average power extracted from the solar cell during testing at any sweep rate can be calculated from the time-weighted average of the power curve within the range of the voltage sweep as explained in [16] . If desired, this can be used to adjust the maximum power point (MPP) to the thermal conditions that prevail during static operation. It is also noteworthy that the solar cell is held at a temperature much closer to its MPP temperature so that the magnitude of the correction required is small compared with that required when a solar cell is idled at open-circuit voltage or at short-circuit current.
III. APPLICATIONS
The characterization study described previously provides the basis for dynamic display and capture of accurate I-V curves over long cable bundles in the field, with proper understanding of reactive parasitics and junction temperature dynamics. Almost all testing applications benefit from such capability, but a few are of particular interest.
The ability to capture and even resolve the dynamics of an operational change or component failure that occurs during a stress test is useful and is a capability that is not easily achieved by other means. Traditional methods (i.e., taking instantaneous I-V scans or monitoring a single bias point over time) do not provide a complete time-resolved picture of the I-V curve. Live I-V capability allows for very short and intermediate length single events that can change any part of the I-V curve to be correlated in time with external influences on the cell.
Examples of tests that have the potential to change the I-V curve or to cause cell failures include: mechanically bending the module (very short to short time scale), mechanically bending the concentrating optics (very short to short), partially shading cells or groups of cells in strings (short) [11] , heating or cooling a cell assembly (intermediate) [30] , and moving the module off axis or through the edge of its acceptance angle (intermediate) [31] . It is also possible to resolve and visualize the performance penalty paid when a tracking system updates its pointing direction in discrete coarse steps rather than in a continuous fashion (short to intermediate) [32] .
To demonstrate the value of the live I-V curve, we expand our explanation of the alignment study first presented in Fig. 2 . The "staircase" I-V curves in Fig. 2(b) are a result of differences in the distinct I-V characteristics of the six individual channels (cell receiver and optics) that comprise the module response. Since this is a CPV module, the concentrating optics must be aligned along their direct normal axis. Differing deviations of individual optical axes from direct normal mean that these acceptance angles are not all mutually coincident. This is confirmed by an alignment study, where the sun is deliberately allowed to walk through the acceptance angle of the module. As the direct beam begins to enter the acceptance angle of the most negatively aligned optic, its light I-V curve begins to rise out of the module dark I-V curve in real time. As the module comes more fully on sun, I-V curves from the other cells begin to contribute. The number of steps in the I-V curve changes depending on the number of channels that are adequately aligned. This staircase effect is minimized when the module alignment is optimal. The real acceptance angle can be measured directly by watching the live picture of the I-V curve as the module is misaligned relative to any direct beam either on sun or in the lab. Fig. 6 shows a series of snapshots taken every 30 s, while the live I-V curve was evolving on screen. It shows that the steps are not evenly spaced in current and that their relative spacing is changing as the module moves off sun. This confirms that the type of misalignment is not the same from one optical channel to the next. The live aspect of the curve is critical because it shows the viewer how fast each step is rising/falling relative to the others indicating the nature of the misalignments. It allows the operator to adjust individual channels (e.g., push on bowing lenses, or twist the whole module) to determine the role (i.e., the The proposed test station also ensures that unknown idle state effects do not arise, since a sufficiently rapid bidirectional scan holds the PV device in a quasi-thermal equilibrium. The value of the bidirectional scan is highlighted and temperature and inductance related hysteresis in the I-V curve is characterized, where hysteresis phenomena are already known and characterized in established PV technologies, the optimal scan rate has been previously established, and a single-scan capture is safe. The bidirectional dynamic display addresses the more general situation in new technologies or field installations, where a hysteresis may be operating but is unknown to the test engineer. Inductive parasitic artifacts are quickly and easily recognized in this noninvasive method and can be mitigated by optimizing the sweep rate before recording an I-V response. This method has been demonstrated at scan rates from 0.069 through 6900 V/s. With appropriate instrumentation, the method could be extended further to phenomena that are too slow or too fast for the human eye, including, in principle, flash testing. His research interests include engineered complex systems, with a focus on photonic technologies for energy efficiency. His current activities range from the modeling of multijunction concentrator solar cells and systems, reliability studies and accelerated aging, the development of spectral models that incorporate local weather conditions, and the impact of variable generation on the electrical distribution system. Prior to this, he spent several years in the photonics industry, where he is recognized as one of the innovators of strain-engineered planar lightwave circuits. His previous research accomplishments have ranged from the description of optical singularities in photonic crystals to fundamental advances in the design and realization of laterally coupled-distributed feedback lasers. He has authored more than 70 refereed publications. He held a Postdoctoral Fellowship in laser physics and nanophotonics with the Van der Waals-Zeeman Institute, Amsterdam, The Netherlands, where he made the first measurements of significant spontaneous emission inhibition in active photonic crystals.
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